Shape memory strain glasses are frustrated ferroelastic materials with glasslike slow relaxation and nanodomains. It is possible to change a NiCoMnIn Heusler alloy from a martensitically transforming alloy to a nontransforming strain glass by annealing, but minimal differences are evident in the short-or longrange order above the transition temperature-although there is a structural relaxation and a 0.18% lattice expansion in the annealed sample. Using neutron scattering we find glasslike phonon damping in the strain glass but not the transforming alloy at temperatures well above the transition. Damping occurs in the mode with displacements matching the martensitic transformation. With support from first-principles calculations, we argue that the strain glass originates not with transformation strain pinning but with a disruption of the underlying electronic instability when disorder resonance states cross the Fermi level. DOI: 10.1103/PhysRevLett.120.245701 Materials exhibiting phase instabilities are important for many emerging technologies. These include VO 2 , where a metal-insulator transition enables its use in smart windows [1], relaxor-based ferroelectric materials with uses in actuators and sensors [2] , and shape memory alloys, which are the focus of this work and have a diverse range of applications ranging from medical devices to fashion accessories [3] [4] [5] . The shape memory effect is a result of the first-order diffusionless martensitic transformation in which the high-temperature parent phase transforms into a lower symmetry crystal structure under a change in temperature, stress, or magnetic field [6] . The lattice instability associated with the martensitic transformation manifests as the softening of the transverse acoustic (TA 2 ) phonon, which is observed in many shape memory alloys near the wave vector q ¼ ½ A strain glass is identified by a frequency-dependent anomaly in the ac mechanical susceptibility, a nonergodic mechanical response, average crystal order matching the parent phase, and short-range strain ordering [12] . The strain glass state was first discovered in 2005 in the shape memory alloy NiTi under excess Ni doping (1%-2%). The authors proposed that the strain glass state arises from a critical amount of disorder that pins random strain regions of nanoscale dimension throughout the material, while leaving the average structure unchanged [13] . Since the discovery of the first strain glass, several others have been discovered in off-stoichiometric compositions of shape memory alloys [14, 15] Fig. 1(a) ]. Subjecting the crystal to a secondary heat treatment (500 K < T < 900 K) promotes growth of L2 1 domains [16] and alters the martensitic transformation temperature (T M ). After a secondary heat treatment (3 h at 573 K, followed by quenching), the martensitic transformation in NCMI is completely arrested [17] , and the crystal enters a strain glass state when cooled below the strain glass temperature (T g ¼ 104 K) [18] . The strain glass transition is fully reversible, with the sample recovering the unstrained parent phase when reheated to temperatures well above T g . Here, we study the lattice dynamics of two samples of NCMI-one prepared as a shape memory alloy and the other prepared as a strain glass. Our results show that strain glass behavior does not originate with the pinning of random strains, as assumed [13] , but with a disruption of the underlying electronic instability.
Shape memory strain glasses are frustrated ferroelastic materials with glasslike slow relaxation and nanodomains. It is possible to change a NiCoMnIn Heusler alloy from a martensitically transforming alloy to a nontransforming strain glass by annealing, but minimal differences are evident in the short-or longrange order above the transition temperature-although there is a structural relaxation and a 0.18% lattice expansion in the annealed sample. Using neutron scattering we find glasslike phonon damping in the strain glass but not the transforming alloy at temperatures well above the transition. Damping occurs in the mode with displacements matching the martensitic transformation. With support from first-principles calculations, we argue that the strain glass originates not with transformation strain pinning but with a disruption of the underlying electronic instability when disorder resonance states cross the Fermi level. Materials exhibiting phase instabilities are important for many emerging technologies. These include VO 2 , where a metal-insulator transition enables its use in smart windows [1] , relaxor-based ferroelectric materials with uses in actuators and sensors [2] , and shape memory alloys, which are the focus of this work and have a diverse range of applications ranging from medical devices to fashion accessories [3] [4] [5] . The shape memory effect is a result of the first-order diffusionless martensitic transformation in which the high-temperature parent phase transforms into a lower symmetry crystal structure under a change in temperature, stress, or magnetic field [6] . The lattice instability associated with the martensitic transformation manifests as the softening of the transverse acoustic (TA 2 ) phonon, which is observed in many shape memory alloys near the wave vector q ¼ ½ ; 0 [7] [8] [9] [10] [11] . A strain glass is identified by a frequency-dependent anomaly in the ac mechanical susceptibility, a nonergodic mechanical response, average crystal order matching the parent phase, and short-range strain ordering [12] . The strain glass state was first discovered in 2005 in the shape memory alloy NiTi under excess Ni doping (1%-2%). The authors proposed that the strain glass state arises from a critical amount of disorder that pins random strain regions of nanoscale dimension throughout the material, while leaving the average structure unchanged [13] . Since the discovery of the first strain glass, several others have been discovered in off-stoichiometric compositions of shape memory alloys [14, 15] and in materials that normally undergo martensitic transformations.
We address the magnetic Heusler alloy Ni 45 Co 5 Mn 36.6 In 13.4 (NCMI). When quenched from a solution heat treatment temperature (T > 896 K), this material forms a metamagnetic shape memory alloy comprising mostly B2 crystal order [16] , in which Mn and In share one sublattice and Ni and Co share the other sublattice. A small volume fraction of the quenched sample comprises domains of the L2 1 ordered state, where In is restricted to the 4b positions [cf. Fig. 1(a) ]. Subjecting the crystal to a secondary heat treatment (500 K < T < 900 K) promotes growth of L2 1 domains [16] and alters the martensitic transformation temperature (T M ). After a secondary heat treatment (3 h at 573 K, followed by quenching), the martensitic transformation in NCMI is completely arrested [17] , and the crystal enters a strain glass state when cooled below the strain glass temperature (T g ¼ 104 K) [18] . The strain glass transition is fully reversible, with the sample recovering the unstrained parent phase when reheated to temperatures well above T g . Here, we study the lattice dynamics of two samples of NCMI-one prepared as a shape memory alloy and the other prepared as a strain glass. Our results show that strain glass behavior does not originate with the pinning of random strains, as assumed [13] , but with a disruption of the underlying electronic instability.
We denote the sample that was (was not) subjected to a secondary heat treatment as the "strain glass" ("shape memory alloy") [19] . The temperature-dependent magnetizations of the samples are shown in Fig. 1(b) . The Curie temperature for both samples is near T C ¼ 400 K. The shape memory alloy shows another magnetic transition around 230 K where the sample undergoes its first-order martensitic transformation. In contrast, the strain glass evidences no magnetic transition.
Electron microscopy images from both samples are shown in Figs. 1(c)-1(f) [19] . The low magnification images [Figs. 1(c) and 1(d)] are transmission electron microscope (TEM) dark field images obtained using a (111) reflection from the L2 1 phase. The light regions in these images are L2 1 domains in the dark the B2 matrix. It is important to note that the ordering observed in dark field images is an average through the thickness of the TEM sample. The high magnification images [Figs. 1(e) and 1(f)] are scanning TEM (STEM) images, taken along [110] with [110] directed upwards in the image. In this projection, the bright features in the image are the result of scattering from columns composed indium, manganese, and nickel (with cobalt). A depiction of the L2 1 structure viewed along this projection is shown in Fig. 1(g ). We find no dramatic differences between the electron microscopy images of the two samples that can account for the incipient strain glass state.
Making use of the elastic scattering in the time-of-flight neutron scattering, we look for subtle structural differences that may have been missed by electron microscopy. Figures 2(a) and 2(b), show the elastic scattering in the (HHL) plane. After accounting for differences in neutron absorption by the samples there is no difference in the ratio of the superlattice to primary peak intensities (within ∼5% uncertainty)-indicating a similar degree of chemical ordering. This is consistent with the microscopy images shown in Figs. 1(c) and 1(d). The diffuse elastic scattering, which is consistent with the presence of anti-phase boundaries [cf. Fig. 1(f) ], also does not change by more than 5%. Diffraction peaks obtained by integrating the full data set appear broad [cf. Fig. 1(c) ] because of the low Q resolution of the ARCS instrument, making it impractical to characterize strain or size broadening. However, most of the peak positions are well determined. As can be seen in Fig. 2(d) the differences between the SMA and STG samples are peak shifts and an overall 0.18% expansion in the peakdependent lattice parameters, a 0 , in the STG sample.
We used inelastic neutron scattering to compare the lattice dynamics in the shape memory alloy and the strain glass [19] . Neutron scattering data from the TA 2 phonon in the shape memory alloy and strain glass collected using the HB3 triple-axis spectrometer are shown as constant-Q cuts Constant-Q cuts made using data from ARCS show the same trends, ruling out any possible instrument-related artifacts [19] . Color plots of the scattered intensity measured using ARCS show that the broadening of the TA 2 phonon in the strain glass extends across the entire Brillouin zone [cf. Figs. 3(e) and 3(f)]. The steep features rising on either side of the (220) Bragg peak in Fig. 3 (e) are the [110] magnon; when heated above T C , these excitations vanish [19] . The stark difference in the width of the TA 2 phonons between the strain glass and shape memory NCMI samples reveals a large change in the interatomic potential energy landscape of the TA 2 phonon. The over-damping of the TA 2 phonon branch in the strain glass occurs over the entire reciprocal lattice zone, as shown in Fig. 3(e) , indicating the damping extends all the way down to the atomic-scale shear displacements-defining what we call a "glassy phonon." This broadening is a signature of a highly anharmonic energy landscape which, in this case, likely results from a large number of nearly degenerate shear instabilities associated with displacements of the TA 2 phonon. As the crystal lattice absorbs the energy of a neutron to excite a TA 2 phonon, the lattice is quick to absorb the atomic displacements associated with the phonon. This likely occurs through a dynamic reconfiguration of the local strain and is a dynamic precursor to the strain glass state. STEM images from other strain glass systems have found dilute static lattice distortions at temperatures of T g þ 150 K [24, 25] . However, the low concentration of lattice distortions in those systems-domains of diameter 3 nm separated by ∼10 nm-would affect the phonon spectrum in NCMI within the region q ≤ 0.06 r:l:u:, which would be difficult to detect in an inelastic neutron scattering experiment.
The behavior of phonons is dictated at the most fundamental level by the material's electronic structure. All martensite structures of shape memory alloys (L1 0 , 10M, 14M, etc.) appear as a shearing of approximately every three unit cells of the parent phase along [110] , which has as its source a Fermi surface nesting vector near q F ¼ ½ ; 0 within the alloys' electronic band structures [26] . Calculations indicate a change in magnetization and/or electronic density can disrupt the Fermi surface nesting [27] . In our case, the brief secondary heat treatment changes the lattice parameter, which alters the electronic structure in such a way to disperse the Fermisurface-nesting wave vector across a range of length scales. This length-scale-distributed degenerate electronic structure translates in the dynamics to a broadening of the TA 2 phonon across the entire Brillouin zone.
To test if a change in the lattice parameter could shift the states toward the Fermi level, we performed first-principles electronic structure calculations as a function of lattice parameter [19] . Figure 4 shows that a sharp peak in the upspin electronic density of states clearly shifts towards the Fermi level with an expansion of the lattice. This peak is dominated by the d-electron states of both Ni and Co. The Co randomly substitutes Ni on the Ni sublattice. Because Co is an impurity atom on the Ni sublattice, it is expected to form resonance (local) states. The formation of resonance electronic states from chemical disorder is an established concept [28] , as is the connection between chemical disorder and electron band structure near the Fermi level [29] . Resonance states at the Fermi level will disrupt Fermi surface nesting because such localized states fill reciprocal space, including between nested Fermi surfaces.
Scattering from such resonant states should increase the electrical resistivity. To check this, we measured the resistivity of three additional NCMI samples, one prepared as a strain glass and two as shape memory alloys. These measurements show a 9% greater resistivity in the strain glass sample [19] . Resonant electron states may also exist in the shape memory alloy, but if the energy is not matched to the Fermi level, the electrical resistivity of the shape memory alloy would be unaffected by the resonant states.
A transition to strain glass behavior can also be achieved by increasing the indium content in Ni 45 Co 5 Mn 50−x In x from x ¼ 3.4% to x ¼ 13.9% [30] . If the indium substitution disrupts the Fermi surface nesting by the same mechanism, then we would expect a similar lattice expansion. To check this, we performed first-principles calculations of the lattice parameter of Ni 45 Co 5 Mn 50−x In x as a function of both indium and degree of L2 1 order [19] . In the ordered state, there is a clear expansion of the lattice with increasing indium by 0.6% from x ¼ 13.3% to 13.4% and then about 0.01% in going from x ¼ 13.4% to 13.7% [19] . These changes are similar to the 0.18% expansion in going from our SMA to STG samples with annealing [cf. Fig. 2(d) ], suggesting that lattice expansion plays a similar role in the development of strain glass behavior with increasing indium. An interesting implication is that it may be possible to reverse the phonon damping and strain glass state by reducing the lattice parameter with pressure.
The results presented herein show that the mechanism responsible for the strain glass state has a marked effect on the lattice dynamics at temperatures well above T g and T M . At temperatures above T M , the free energy favors the unstrained austenitic state in both samples [31, 32] . If the frustration associated with the strain glass state were from strain pinning alone [13, 33, 34] , then such strains would relax at such high temperatures, and we would see no evidence of frustration in the lattice dynamics at these temperatures. Thus, it seems inappropriate to discuss the strain glass state in terms of continuum concepts such as strain pinning, but instead consider how the state originates from the underlying electronic structure. includes Refs. [20] [21] [22] [23] , for a detailed description of the crystal preparation, electron microscopy, neutron scattering measurements, and additional supporting neutron scattering data showing TA broadening in the strain glass but not transforming alloy, the disappearance of magnon scattering above the Curie temperature, the absence of broadening in phonons not associated with the transition displacements, electrical resistivity measurements, and first-principles lattice parameter calculations.
